The RET receptor tyrosine kinase plays a critical role in the development of the enteric nervous system (ENS) and the kidney. Upon glial-cell-line-derived neurotrophic factor (GDNF) stimulation, RET can activate a variety of intracellular signals, including the Ras/mitogen-activated protein kinase, phosphatidylinositol 3-kinase (PI3K)/AKT, and RAC1/JUN NH 2 -terminal kinase (JNK) pathways. We recently demonstrated that the RAC1/JNK pathway is regulated by serine phosphorylation at the juxtamembrane region of RET in a cAMP-dependent manner. To determine the importance of cAMP-dependent modification of the RET signal in vivo, we generated mutant mice in which serine residue 697, a putative protein kinase A (PKA) phosphorylation site, was replaced with alanine (designated S697A mice). Homozygous S697A mutant mice lacked the ENS in the distal colon, resulting from a migration defect of enteric neural crest cells (ENCCs). In vitro organ culture showed an impaired chemoattractant response of the mutant ENCCs to GDNF. JNK activation by GDNF but not ERK, AKT and SRC activation was markedly reduced in neurons derived from the mutant mice. The JNK inhibitor SP600125 and the PKA inhibitor KT5720 suppressed migration of the ENCCs in cultured guts from wild-type mice to comparable degrees. Thus, these findings indicated that cAMP-dependent modification of RET function regulates the JNK signaling responsible for proper migration of the ENCCs in the developing gut.
INTRODUCTION
The Ret proto-oncogene encodes a receptor tyrosine kinase that is essential for the development of the enteric nervous system (ENS) and the kidney. In mice, targeted disruption of Ret causes intestinal aganglionosis and renal agenesis or severe hypoplasia (Enomoto et al., 2001; Schuchardt et al., 1994) . It has also been demonstrated that RET signaling is required for the proper development of parasympathetic neurons and motoneurons as well as spermatogonia (Airaksinen and Saarma, 2002; Enomoto et al., 2000; Meng et al., 2000) . In humans, germline mutations of Ret lead to the development of Hirschsprung's disease, which is characterized by the absence of enteric ganglia from the distal gastrointestinal tract (Edery et al., 1994; Romeo et al., 1994) .
RET is activated by the glial-cell-line-derived neurotrophic factor (GDNF) family of ligands, which include GDNF, neurturin, artemin and persephin (Airaksinen and Saarma, 2002) . Unlike other receptor tyrosine kinases, glycosyl phosphatidylinositol-linked cell-surface proteins called GDNF family receptor ␣1-4 (GFR␣1-4) are required as ligand-binding components for RET activation (Airaksinen and Saarma, 2002; Jing et al., 1996; Klein et al., 1997; Treanor et al., 1996) . Gdnf-or Gfr␣1-deficient mice also showed phenotypes similar to Ret-deficient mice, confirming that complex formation of these three molecules is crucial for the development of the ENS and the kidney (Cacalano et al., 1998; Enomoto et al., 1998; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996; Schuchardt et al., 1994) . In the developing ENS, RET is expressed in migrating enteric neural crest cells (ENCCs) whereas GDNF is expressed in the mesenchyme of the gut in a spatially and temporally regulated manner (Natarajan et al., 2002) . In the developing kidney, RET and GDNF are expressed in the branching ureteric buds and metanephric mesenchyme, respectively (Hellmich et al., 1996; Pachnis et al., 1993) . In addition, it has been reported that RET signaling activated by neurturin, artemin or persephin plays an important role in survival, proliferation and/or differentiation of various types of central and/or peripheral neurons (Airaksinen and Saarma, 2002) .
RET can activate a variety of intracellular signaling pathways, including Ras/mitogen-activated protein kinase (MAPK), PI3K/AKT, RAC1/Jun NH 2 -terminal kinase (JNK), p38MAPK and phospholipase C␥ pathways Kodama et al., 2005) . RET can also activate RHO family GTPases, including RHO, RAC and CDC42, which are involved in reorganization of the actin cytoskeleton necessary for cell motility (Barone et al., 2001; Chiariello et al., 1998; Maeda et al., 2004; Murakami et al., 1999; van Weering and Bos, 1997) . Moreover, Encinas et al. (Encinas et al., 2001) reported that SRC kinase activity is necessary to elicit optimal GDNF-mediated signaling, neurite outgrowth and survival.
Recently, we demonstrated that phosphorylation of the serine residue at codon 696 (S696) of RET via a cAMP-dependent mechanism is required for RAC1-GEF activation and lamellipodia formation in the human SK-N-MC neuroectodermal tumor cell line transfected with the human RET gene (designated MC(RET) cells) (Fukuda et al., 2002; Fukuda et al., 2005) . When S696 was replaced with alanine (S696A), GDNF-mediated activation of RAC1-GEF and lamellipodia formation were abolished. We found that S696 represents a protein kinase A (PKA) phosphorylation site and that treatment with the PKA inhibitor impaired these GDNF-dependent activities. Phosphorylation of tyrosine 687 (Y687) and S696 at the juxtamembrane region appeared to induce opposite effects on lamellipodia formation, which suggested the possibility that S696 Targeted mutation of serine 697 in the Ret tyrosine kinase causes migration defect of enteric neural crest cells phosphorylation suppresses the signal arising from phosphorylated Y687 residue (Fukuda et al., 2002) . In addition, we found that the RAC1/JNK signaling pathway was specifically impaired in S696A cells and that GDNF stimulation caused G2/M cell-cycle delay in MC(RET) cells but not in S696A cells (Fukuda et al., 2005) .
To investigate the in vivo role of RET signaling regulated by PKA, we used targeted mutagenesis in embryonic stem (ES) cells to replace the putative serine phosphorylation site of codon 697 in mouse RET (corresponding to serine 696 in human RET), with alanine (RET S697A mutation). RET S697A mutant mice showed aganglionosis in the distal colon, resulting from migration defects of ENCCs in the developing gut. Consistent with our previous results, GDNF-mediated JNK activation was specifically impaired in neurons derived from the mutant mice. These findings reveal that PKA-dependent RET phosphorylation at S697 regulates the JNK signaling pathway and controls the migration of ENCCs in the developing gut.
MATERIALS AND METHODS

Generation of RET S697A mutant mice
A 7.0 kb BamHI/HindIII fragment encompassing exon 9 to exon 12 of the mouse Ret gene was used to construct the targeting vector (Fig. 1C) . To introduce the S697A mutation in exon 11, PCR mutagenesis was used. A loxP-flanked Pgk/neo gene was inserted at the ApaI site in intron 11. The linearized targeting vector was electroporated into W9.5 ES cells (a gift of Dr Colin Stewart), and homologous recombinants were selected by growth in G418. Targeted ES cell clones were identified by Southern blot analysis using an external probe made by PCR with the forward primer (5Ј-CCAAGCTTCAGTACACGGTGGT-3Ј) and the reverse primer (5Ј-AGGCCACATACACCTAAGAC-3Ј) (Fig. 1C,D) . The genotype of each mutant mouse was determined using PCR with the forward primer (p1; 5Ј-ATTCCACGGAGAACCAGG-3Ј) and the reverse primer (p2; 5Ј-CTAACACAGGTCTCTTCC-3Ј) (Fig. 1C,E) .
Antibodies
Anti-RET and anti-phospho-RET(pS697) antibodies were developed as described previously (Fukuda et al., 2002) . Anti-PGP9.5 antibody was purchased from UltraClone Limited. Anti-ERK, anti-phospho-ERK, Anti-AKT, anti-phospho-AKT, anti-p38MAPK, anti-phospho-p38MAPK, anti-JNK and anti-phospho-JNK antibodies were purchased from Cell Signaling Technology. Anti-SRC antibody (GD11) and anti-phospho-SRC antibody were purchased from Upstate Cell Signaling Solution and Biosource, respectively. Anti-rabbit Alexa Fluor was purchased from Molecular Probes. Anti-␤-actin antibody was purchased from Sigma-Aldrich.
Explant cultures
For the chemoattractant assay, E11.5 or E12.5 gut segments prepared from midgut were cut and transferred onto the surface of collagen gels (KOKENCELLGEN, Koken) containing 10% fetal bovine serum (FBS). GDNF-soaked agarose beads (Cibacron, Sigma; 80-110 m diameter) were placed 500-800 m from gut segments and cultured for 4 days . For in vitro organ culture, embryonic guts were dissected out at E11.5, and cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS. Individual guts were cultured in 60 l hanging drops and fed every day. To inhibit a specific signaling pathway, 30 M of MEK1 inhibitor (PD98059), 20 M of PI3K inhibitor (LY294002), 10 M of SRC kinase inhibitor (SU6656), 10 M of JNK inhibitor (SP600125) or 1 M of PKA inhibitor (KT5720) was added to the medium.
Primary culture of ENCCs
Primary culture of ENCCs has been described previously (Barlow et al., 2003) . Briefly, E11.5 guts were dissected and incubated with Collagenase/Dispase (0.5 mg/ml). Tissues were dissociated into single cells by repeated pipetting and cultured in F12/DMEM supplemented with 10% FBS. GDNF was added at a concentration of 50 ng/ml. After 3 days, cultured cells were immunostained with anti-PGP9.5 antibody.
Primary culture of dorsal root ganglia
Primary culture of neurons from dorsal root ganglia (DRGs) has been described previously (Jijiwa et al., 2004) . Briefly, DRGs were obtained from wild-type and mutant mice at postnatal day 7 and digested with 0.15% collagenase and 0.05% trypsin-EDTA. Isolated cells were cultured in F12/DMEM supplemented with 10% FBS for 3 days. After 2 hours of serum starvation, cultured cells were treated with GDNF (100 ng/ml) for 20 minutes, lysed in sodium dodecyl sulfate sample buffer, and subjected to western blot analysis.
Histology and immunostaining
In explant gut cultures migrated ENCCs, which were differentiated into neuronal cells, were visualized with anti-PGP9.5 immunostaining as described previously . Explants were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS). After washing with PBT (PBS+0.1% Triton X-100) three times, they were incubated for 3 hours with blocking solution (PBS+2% BSA) and incubated with anti-PGP9.5 antibody (1:1000 dilution) at 4°C overnight. Then explants were washed with PBT several times, incubated with anti-rabbit Alexa Flour (1:1000 dilution) at 4°C overnight and analyzed in an Olympus stereomicroscope. To quantify the chemoattractant response to GDNF, PGP9.5-positive areas were subdivided into quadrants, and measured using image analysis software (WinROOF).
Whole-mount acetylcholinesterase (ACHE) histochemistry and wholemount in situ hybridization were carried out as previously described (Enomoto et al., 1998; Natarajan et al., 2002) . ENS cells in the myenteric plexus were stained with cuprolinic blue, and positive cells were counted under a microscope, and calculated as number/mm 2 . Cells were counted in ten randomly selected fields of each region of the gut from four mice.
RESULTS
Introduction of S697A mutation into the mouse Ret gene
The mutation S697A was introduced into the mouse Ret gene by targeted mutagenesis in W9.5 ES cells (Fig. 1A-C) . The mutation in ES cells was confirmed by sequencing of an amplified PCR product containing the mutation site (Fig. 1B) . To permit subsequent removal, a neo gene was flanked with loxP sites and placed in the intron 11 (Fig. 1C) . Two independently targeted ES cell clones were injected into C57BL/6J blastocysts, and both transmitted the RET S697A mutation through the germline (RET S697A-neo ). To remove the neo gene, RET S697A-neo mice were crossed with ␤-actin promoter/ Cre transgenic mice (Lewandoski and Martin, 1997) , and excision of the neo gene was confirmed by Southern blotting (Fig. 1D ). Heterozygous RET S697A mice (S697A mice) were intercrossed to generate homozygous S697A mice (Fig. 1E) . Because a 70 bp insertion containing a single loxP site and a polylinker sequence was still left in intron 11 in the S697A mice, which may affect the expression of RET, the protein levels of RET in embryos and newborn brain stems and stomachs of wild-type and mutant mice were examined by western blotting. As shown in Fig. 1F , RET proteins were expressed at comparable levels in wild-type, heterozygous and homozygous S697A mice. To investigate the phosphorylation status of Serine 697, DRG neurons were isolated and cultured from wild-type and mutant mice, and analyzed by western blotting with anti-phospho-RET(S697). S697 phosphorylation was clearly observed in wild-type mice but not in mutant mice (Fig. 1G ).
RET S697A mutation affects the development of the ENS in the distal colon As RET signaling plays a critical role in ENS development, we first analyzed the myenteric plexus of guts in mutant newborn mice by ACHE histochemistry. While heterozygous S697A mice showed an ). DNA was digested with HindIII, and analyzed with the indicated 5Ј external probe shown in (C). Wild-type and RET S697A-neo mutant alleles generate 9.0 kb and 4.8 kb bands, respectively. Loss of 4.8 kb band in DNA from a RET S697A/+ mutant mouse indicates successful removal of the neo gene. (E) Genotyping of mutant mice. P1 and P2 primers shown in (B) were used for genotyping by PCR. As the S697A mutant allele contains a 70 bp insertion, wild-type and mutant alleles give 302 bp and 372 bp bands, respectively. (F) RET protein expression in mutant mice. Lysates prepared from whole embryos at E11.5, newborn brain stems and stomachs were subjected to western blotting with anti-RET antibody. The 170 kDa and 150 kDa RET proteins are indicated. ␤-Actin expression was investigated as a loading control. (G) Phosphorylation of Serine 697 in DRG neurons. Lysates were prepared from cultured DRG neurons isolated from wild-type and mutant mice, and subjected to western blotting with anti-RET and anti-phospho-RET(S697) antibodies (left and middle panels). The membrane was treated with alkaline phosphatase (AP) before incubation with anti-phospho-RET(S697) antibody to confirm that the detected band represents the phosphorylated protein (right panel).
apparently normal myenteric plexus throughout the gut (data not shown), homozygous S697A mice displayed a severe reduction or absence of the myenteric plexus in the distal portion of the colon (Fig. 2) . In homozygous mutant mice, enteric ganglia were absent in the terminal one-third of the colon (Fig. 2H, compare with D) , and significantly reduced in number in the middle one-third (Fig. 2G , compare with 2C). In contrast, ENS development appeared normal in the proximal one-third of the colon (Fig. 2F, compare with 2B ). The degree of aganglionosis or hypoganglionosis in the colon was almost identical between male and female mice and between the established two independent mutant mouse lines (data not shown). In the stomach and the small intestine, the density and distribution of the enteric ganglia were indistinguishable between wild-type and homozygous S697A mice (data not shown).
To investigate whether the ENS in the proximal gut is normal in mutant mice, we performed a quantitative analysis of the neuron number in the myenteric plexus using cuprolinic blue staining. The number of ENS cells in the myenteric plexus showed no significant difference between wild-type and mutant mice in the whole region of the small intestine (Fig. 3A) and the proximal portion of the colon (Fig. 3B) . In contrast, marked reduction of enteric neurons was observed in the middle and distal portions of the colon in the homozygous S697A mice (Fig. 3B ). In addition, ACHE staining showed that fiber density and number and size of the myenteric neural plexus were comparable between wild-type and mutant mice in the small intestine (data not shown). These results demonstrate that reduction of ENS cells occurs in the middle and distal colon of the S697A mutant mice.
S697A mutation impairs migration of ENCCs in the developing gut
To elucidate why aganglionosis occurred in the distal colon of homozygous S697A mice, we analyzed the ENS development at embryonic stages E11.5-14.5, during which ENCCs migrate within the gut towards the distal part of the hindgut ). At E11.5, RET-positive ENCCs had migrated beyond the cecum in wild-type mice, while in the homozygous S697A mice they were migrating in the small intestine but had not yet arrived at the cecum (Fig. 4A ,AЈ,D,DЈ). At E12.5, ENCCs arrived at the cecum in the mutant mice (Fig. 4E,EЈ) . At E14.5, wild-type ENCCs reached the terminus of the hindgut, while mutant ENCCs were still migrating in the middle portion of the hindgut (Fig. 4C,CЈ,F,FЈ) , where marked reduction of enteric neurons was observed in newborn mutant mice. Thus, aganglionosis in the distal colon is likely to be due to the impaired migration of the mutant ENCCs. It has been reported that GDNF functions as a chemoattractant for the ENCCs via RET activation, and that GDNF could control the migration of ENCCs in the developing gut (Iwashita et al., 2003; Natarajan et al., 2002; . To test whether the chemoattractant response to GDNF is affected by the S697A mutation, we cultured gut segments from wild-type and mutant mice together with GDNF-soaked beads on collagen gels. After 4 days, ENCCs were visualized by immunostaining with PGP9.5. Wild-type ENCCs migrated out massively from the gut segments towards GDNF-soaked beads, whereas migration of mutant ENCCs was extremely weak (Fig. 5A) . To quantify the chemoattractant response to GDNF, PGP9.5-positive areas containing neurites and neural cells were measured in the proximal (towards) and distal (away) quadrants. In wild-type mice, the PGP9.5-positive area on the proximal quadrant towards the GDNF beads was significantly greater than in the distal quadrant. In the homozygous S697A mice, the proximal and distal areas were small and almost equal (Fig. 5B) . These findings indicate that the S697A mutation impairs the GDNFmediated migration of ENCCs.
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Characterization of RET S697A knock-in mice As our previous results showed that the RET S697A mutation affects lamellipodia formation in cultured cell lines (Fukuda et al., 2002) , we analyzed their formation in the migrating ENCCs towards GDNF-soaked beads. ENCCs were identified by immunostaining with anti-p75 NTR antibody (data not shown). In ENCCs from wild-type mice, the number of lamellipodia in the proximal side was significantly greater than in the distal side. In the homozygous S697A mice, the number of lamellipodia showed no significant difference in the proximal and distal sides (Fig.  5C,D) . These results suggest that GDNF-induced lamellipodia decrease in ENCCs from S697A mutant mice, resulting in their impaired migration.
JNK signal is impaired in the RET S697A mutant mice and required for migration of ENCCs in cultured guts
Recently we reported that the RET S697A mutation specifically impairs the RAC1/JNK signaling pathway in cultured cells (Fukuda et al., 2002; Fukuda et al., 2005) . To investigate whether JNK signal is also impaired in RET S697A mutant mice, DRG neurons, some of which are known to express RET, were collected from wild-type and mutant mice and stimulated with GDNF. As shown in Fig. 6A , ERK, AKT, p38MAPK and SRC were activated by GDNF in DRG neurons from both wild-type and homozygous S697A mice, whereas JNK activation by GDNF was specifically impaired in DRG neurons from mutant mice.
As it has been reported that the JNK signaling plays a role in cell migration or motility (Huang et al., 2004; Kawauchi et al., 2003; Meadows et al., 2004; Pedram et al., 2001) , we hypothesized that the suppressed migration of ENCCs in the homozygous S697A mice is due to the impaired JNK signaling by the S697 mutant form of RET. To test whether JNK signaling was required for the chemoattractant response to GDNF, explant experiments were carried out in the presence of the JNK inhibitor SP600125. As expected, SP600125 markedly suppressed the chemoattractant response of ENCCs to GDNF (Fig. 6B,C) .
To further analyze the importance of JNK signaling for migration of ENCCs in the developing gut, we cultured guts in vitro in the presence of various kinase inhibitors. Embryonic guts were dissected out at E11.5, and after 3 days of in vitro culture, ENCCs were visualized by PGP9.5 immunostaining. The PI3K inhibitor LY294002 severely impaired the migration of ENCCs in the cultured guts (Fig. 7C) , whereas MEK1 inhibitor PD98059 showed little effect on their migration (Fig. 7B) . Interestingly, in the guts cultured with the JNK inhibitor SP600125, migration of ENCCs was partly suppressed (Fig. 7D) , which mimicked the impaired migration of ENCCs in the distal colon of the homozygous S697A embryos in vivo (Fig. 4F) . Although the S697A mutation did not impair the SRC kinase activity (Fig. 6A) , the SRC kinase inhibitor, SU6656, partly suppressed their migration (Fig. 7F) . To quantify inhibitory effects, the ratios of the distance of ENCC migration to the colon length were measured and calculated. The ratios were 95±2% for control, and 93±2%, 35±3%, 75±3% and 75±2% in the presence of PD98059, LY294002, SP600125 and SU6656, respectively (Fig. 7) .
Both the PKA inhibitor and the human RET S696A mutation showed similar biological effects in the cultured cell lines (Fukuda et al., 2002) . To investigate the role of PKA in the migration of ENCCs, embryonic guts were cultured in the presence of the PKA inhibitor KT5720. KT5720 partly impaired the migration of ENCCs (the ratio of ENCC migration to the colon length was 78±6%), an effect similar to that of the JNK inhibitor (Fig. 7D,E) . From these results, it seems likely that PKA controls the JNK signaling pathway downstream of RET via Ser697 phosphorylation, which is required for proper migration of ENCCs in the developing gut. Although we attempted the organ culture of the S697A mutant embryonic gut, mutant ENCCs did not migrate well even without kinase inhibitors under our experimental conditions (data not shown).
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S697A mutation does not impair proliferation, survival and neurite outgrowth of cultured ENCCs
In addition to the chemoattractant response, it is known that GDNF induces proliferation, survival and differentiation of cultured ENCCs. Thus, we investigated these biological responses using cultured ENCCs from wild-type and S697A mutant mice. As shown in Fig. 8A , both wild-type and mutant ENCCs showed remarkable neurite outgrowth in response to GDNF stimulation. In addition, after 3 days of culture, the neuron numbers did not show a significant difference between wild-type and mutant ENCC cultures (Fig. 8B ). These findings suggest that proliferation, survival and differentiation of ENCCs were not significantly impaired by the S697A mutation.
RET S697A mutation causes slight suppression of kidney development, but no abnormality in the sympathetic and parasympathetic neural system or in spermatogenesis In addition to the ENS, the GDNF/RET signaling pathway also controls kidney development. The ratio of kidney weight to body weight in newborn wild-type mice was compared with mutant mice. The average kidney weight was 1.05%, 1.06% and 0.95% of total body weight in wild-type, heterozygous and homozygous mice, respectively. Thus, kidneys in the homozygotes were slightly but significantly reduced in size (Fig. 9A ). Histological differences were not observed between wild-type and mutant kidneys (Fig. 9B) . Ret-deficient mice show an aberrant position of superior cervical sympathetic ganglion (SCG) and abnormal axonal projection (Enomoto et al., 2001 ). Thus, we analyzed the sympathetic system by whole-mount tyrosine hydroxylase immunostaining in newborn mutant mice. In the homozygous S697A mice, the size and location of SCG and chain ganglia appeared normal, and axons from ganglia projected properly (see Fig. S1 in the supplementary material) . Moreover, no abnormalities were observed in the parasympathetic ganglia and motoneurons of the spinal cord or in the testis (see Fig.  S1 in the supplementary material) .
DISCUSSION
Through a series of gene targeting experiments of Ret, Gdnf and
Gfr␣-1 in mice, it has been revealed that RET signals play important roles in the development of the ENS and the kidney (Cacalano et al., 1998; Enomoto et al., 2001; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996; Schuchardt et al., 1994) . The RET S697A mutant mice that were generated in the present study showed an obvious defect in ENS development, resulting in an absence of enteric ganglia in the distal colon, whereas the only kidney defect observed was a very slight reduction in size. Given that the RET S697A mutant mice lack a serine residue necessary for PKAdependent modification of RET signaling, these findings suggest that this modification is more important in the development of the ENS than in that of the kidney.
In the nervous system, cAMP has been demonstrated to be a key regulator of neuronal survival, differentiation and regeneration via cAMP-mediated PKA activation (Cai et al., 1999) . In addition, PKA appears to be constantly activated in the developing nervous system (Cai et al., 2001 ). Because GDNF has been shown to upregulate cAMP levels (Cai et al., 1999) , it is reasonable to suggest that GDNF stimulation itself may trigger phosphorylation of RET S697. In the developing ENS, such a condition may be necessary for the PKAdependent activity of RET, which regulates the activation of the JNK signaling pathway. Moreover, our result is consistent with a recent report which showed that the inhibition of JNK signaling does not affect ureteric bud branching in the developing kidney (Osafune et al., 2006) .
Our data suggest that the PI3K pathway is a crucial signal in the migration of ENCCs. Inhibition of PI3K activity markedly suppressed the migration of ENCCs in the gut organ culture, whereas inhibition of MEK1 activity showed no significant effect (Fig. 7B,C) . PI3K signaling induces activation of RHO family GTPases, including RHO, RAC and CDC42, which are essential for reorganization of the actin cytoskeleton, and thus for lamellipodia formation and cell motility (Govek et al., 2005 ; Watanabe et al.,
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Characterization of RET S697A knock-in mice Fig. 7 . Inhibition of migration of ENCCs in gut culture by kinase inhibitors. Embryonic guts were dissected out from wildtype mice at E11.5 and cultured in control medium (A), in medium with MEK1 inhibitor PD98059 (B), PI3K inhibitor LY294002 (C), JNK inhibitor SP600125 (D), PKA inhibitor KT5720 (E) and SRC kinase inhibitor SU6656 (F). After 3 days of culture, ENCCs were visualized by immunostaining with anti-PGP9.5 antibody. Each experiment was carried out at least twice using more than six embryonic guts. Arrows, the front of the migrating ENCCs; arrowheads, cecum; asterisks, terminus of the hindgut; bars, 200 m. Insets show highpower views of the front of migrating ENCCs in dotted boxes of each panel. To quantify inhibitory effects, the ratios of the distance of ENCC migration to the colon length were measured and calculated. The ratios are shown in the upper right corner of each panel.
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). In addition, we recently reported that AKT, a downstream effector of PI3K, plays an important role in actin reorganization and cell motility via phosphorylation of Girdin, a new AKT substrate . Thus, it is possible that migration of ENCCs is regulated via activation of these effector proteins downstream of PI3K.
Using a GDNF-mediated chemoattractant assay, in which ENCCs of the gut segments were cultured in collagen gels with GDNFexpressing cell pellets, it has been shown that treatment with the PI3K inhibitor severely suppressed the response of ENCCs to chemoattraction by GDNF, whereas treatment with the MEK1 inhibitor partly suppressed it (Natarajan et al., 2002) . Although we did not observe any effect of the MEK1 inhibitor on ENCC migration in our gut culture system, this difference might be due to the different sensitivities of the different experimental systems, and/or to the different environmental conditions surrounding ENCCs in the whole-mount gut culture and in the chemoattractant assay. In accordance with the present result, we reported that mutant mice with the RET mutation Y1062F, which showed marked impairment of the PI3K/AKT signaling, developed aganglionosis in the whole ENS, supporting the view that the PI3K/AKT pathway is a critical signal for migration of ENCCs in the developing gut (Jain et al., 2004; Jijiwa et al., 2004; Wong et al., 2005) . In addition, SRC kinase activity appears to play a role in the migration of ENCCs (Fig. 7F) , although the S697A mutation did not impair its activity.
JNK is a serine/threonine protein kinase belonging to the family of MAPKs (Johnson and Lapadat, 2002) . JNK is generally thought to play a role in inflammation, differentiation and apoptosis. However, recent studies demonstrated that JNK is important for the migration of several cell types, including keratinocytes, airway epithelial cells, vascular smooth muscle cells, leukocytes, cortical neurons and Schwann cells (Huang et al., 2004; Kawauchi et al., 2003; Meadows et al., 2004; Pedram et al., 2001) . As well as the JNK activation with injury stress, JNK activation after stimulation with transforming growth factor ␤, interleukin 8, epidermal growth factor or platelet-derived growth factor can promote cell migration. JNK has been implicated in the control of the actin cytoskeleton and stress fibers in Drosophila embryos and mammalian cells (Kaltschmidt et al., 2002; Martin-Blanco et al., 2000; Zhang et al., 2003) . In addition to the JNK-mediated phosphorylation of various well-studied apoptosis-related proteins and transcriptional factors, JNK directly phosphorylates a number of cytoskeleton-associated proteins and signaling molecules, including paxillin, spir, doublecortin, and microtubule-associated protein 1B and 2, which are suggested to play roles in cell migration (Chang et al., 2003; Gdalyahu et al., 2004; Huang et al., 2003; Kawauchi et al., 2003; Otto et al., 2000) . In RET S697A mutant mice, JNK activation was specifically impaired, whereas both p38MAPK and ERK, which are also members of the MAPK family, were activated by GDNF. In addition, gut explant culture experiments showed that RESEARCH ARTICLE Development 133 (22) chemoattractant response of ENCCs from S697A mice to GDNF and their lamellipodia formation were impaired and that the JNK inhibitor suppressed ENCCs migration. Although it is possible that suppressed migration of ENCCs in the homozygous S697A mice is due to undefined signals impaired by the S697A mutation, the present data strongly support the view that lack of JNK activation is responsible for the suppression of ENCC migration in the mutant mice.
We recently demonstrated that GDNF stimulation induced G2/M cell-cycle delay in MC(RET) cells but not in S696A cells (Fukuda et al., 2005) . As this result suggested the possibility that RET S697A mutation affects the proliferation of ENS cells, we analyzed cell numbers in the ENS of the S697A mutant mice. As shown in Fig. 3 , there was no significant difference in the total numbers of ENS cells in the whole small intestine and the proximal colon between wildtype and RET S697A mutant mice. Thus, the RET S697A mutation does not appear to affect cell proliferation in vivo. Moreover, we found that this mutation does not significantly affect proliferation, survival and neurite outgrowth of cultured ENCCs. ACHE-stained neural plexus and neural fibers showed normal number and size in the proximal mutant guts. A previous study reported a similar phenotype in the miRET 51 mice expressing only the long isoform of RET (de Graaff et al., 2001) . The miRET 51 mice showed aganglionosis in the distal gut due to the delayed migration of ENCCs, although the ENS in the small intestine of mutant newborns was normal. As patients of Hirschsprung's disease also have aganglionosis in the distal colon, these mutant mice may provide useful models to study the molecular mechanisms of development of Hirschsprung's disease.
The RET tyrosine kinase is evolutionarily close to fibroblast growth factor receptor, vascular endothelial growth factor receptor, Kit and platelet-derived growth factor receptor. The 3Ј halves of the juxtamembrane regions of RET and these other receptor tyrosine kinases share significant similarity, whereas the 5Ј half of the juxtamembrane region, containing Y688 and S697, is unique in RET. Thus, the juxtamembrane region in RET may have a unique function. The juxtamembrane region in human RET contains one tyrosine residue, Y687 (corresponding to Y688 in mouse RET), which was reported as one of the autophosphorylation sites (Liu et al., 1996) . We previously demonstrated that S696 is a putative phosphorylation site for PKA, and that lamellipodia formation impaired by the S696A mutation was rescued with an additional Y687F mutation, suggesting that S696 and Y687 phosphorylation leads to opposite biological effects (Fukuda et al., 2002) . As Y687 and S696 are located closely, it seems likely that S696 phosphorylation suppresses Y687 phosphorylation via a conformational change of the juxtamembrane region. Interestingly, two Hirschsprung's disease-related Ret mutations (S690P and G691S) have been reported in this juxtamembrane region (Attie et al., 1995; Garcia-Barcelo et al., 2004) . The computational prediction (NetPhosK: http://www.cbs.dtu.dk/services/NetPhosK/) suggests that both mutations may affect the probability of phosphorylation at Y687, supporting the idea that a signal from juxtamembrane region via Y687 phosphorylation plays a role in the ENS development.
